Introduction {#sec1}
============

The optical and electronic properties of π-conjugated organic materials have been the subject of intense research because of their considerable fundamental and technological importance.^[@ref1]−[@ref3]^ These properties are defined not only by the chemical structure of the constituting molecules but also by their intermolecular coupling. For instance, in the solid state, it is expected that these properties are affected by the molecular packing. In addition, the orientation of π-stacked molecules with respect to the electrodes is of great relevance for the performance of devices, such as organic field effect transistors (OFETs)^[@ref4],[@ref5]^ and organic light-emitting diodes (OLEDs).^[@ref4],[@ref6],[@ref7]^ Therefore, controlling the molecular orientation and stacking is crucial.

In-situ and/or real-time information during growth of organic thin films has been obtained with a variety of analytical techniques, such as reflection high-energy electron diffraction (RHEED)^[@ref8]^ or low-energy electron diffraction (LEED),^[@ref9]−[@ref12]^ X-ray reflectivity (XRR),^[@ref13]^ X-ray diffraction (XRD),^[@ref14]^ or X-ray standing waves (XSW),^[@ref15],[@ref16]^ photoelectron spectroscopy (UPS, XPS),^[@ref17]−[@ref19]^ or photoelectron emission microscopy (PEEM).^[@ref20]−[@ref25]^ In addition, optical methods such as differential reflectance spectroscopy (DRS)^[@ref1],[@ref3],[@ref26],[@ref27]^ and reflectance difference spectroscopy (RDS)^[@ref28],[@ref29]^ are perfectly suited for in situ and real-time monitoring of organic thin film growth.

In this work, we report on the coverage dependence of the excitonic states^[@ref30]^ in an organic thin film deposited on a metal surface. In particular, we show how photoelectron emission microscopy and differential reflectance spectroscopy can be acquired *simultaneously* to monitor the growth of α-sexithiophene on a Ag(111) surface in real-time.

α-sexithiophene (α-6T) is a well-known organic dye pigment which constitutes a model system to study the photophysical properties of π-conjugated molecules. The strong involvement of Franck--Condon and Herzberg--Teller types of vibronic coupling makes this member of the oligothiophene family a prototype for the studies of crystals and thin films.^[@ref31]−[@ref34]^

Because the first monolayer acts as a template for further growth, it has a strong influence on the structure and, hence, on the electronic and optical properties of the entire organic film. Therefore, it is of particular importance to characterize and control the interface between the organic layer and the substrate.^[@ref21],[@ref28],[@ref35]^ Here, we consider metal substrates because they may exhibit a strong interaction with the organic molecules and the lateral ordering, at least within the monolayer, will be governed by the subtle interplay between substrate--adsorbate and adsorbate--adsorbate interactions.

While we have previously studied the deposition of α-6T on Ag(110) surfaces^[@ref21],[@ref24],[@ref36]^ using PEEM and STM, we have selected a Ag(111) single crystal as substrate for this study to avoid any effects of optical anisotropy in the DRS. Silver substrates are also particularly well suited for PEEM studies in the lab, because the light of the standard Hg lamp provides photons with an energy that is high enough to excite electrons across the work function barrier at the silver surface.

It has been reported that α-6T adsorbs on Ag(110) and Ag(111) surfaces such that its molecular plane is almost parallel to the substrate surface irrespective of film thickness.^[@ref8]^ The α-6T molecules are azimuthally aligned on the Ag(111) surface, exhibiting a 6-fold symmetry in the surface plane. In this configuration, the long molecular axis of the α-6T molecules is oriented along one of the ⟨11̅0⟩ directions.^[@ref8]^ The structure found in the thin film phase is quite different from that of bulk single-crystals, in which the α-6T molecules stack in a herringbone packing with the molecular planes of adjacent molecules tilted by 66° with respect to each other.

Experimental Section {#sec2}
====================

The experiments were performed in a ultrahigh vacuum chamber with a base pressure of 3 × 10^--10^ mbar. The Ag(111) single crystal was cleaned by repeated cycles of Ar^+^ ion sputtering (900 V, 3.8 μA/cm^2^) and annealing at 660 K. The commercially available α-6T was purified by gradient sublimation. The organic films were prepared by thermal evaporation of the α-6T while PEEM and DRS were triggered for simultaneous and synchronous data acquisition; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for details of the experimental setup. To avoid any influence of the deposition rate on the crystallographic phases of the α-6T film,^[@ref13]^ the quartz-crucible containing the α-6T was held at a fixed temperature to ensure a constant deposition rate.

![Schematic of the setup combining photoelectron emission microscopy (PEEM) and differential reflectance spectroscopy (DRS). PEEM images and DRS spectra can be acquired *synchronously* from the same sample. The surface normal of the sample is oriented parallel to the electron column of the PEEM instrument. Both light beams, that of the white LED used for DRS and that of the Hg lamp used for the PEEM, exhibit a (polar) angle of incidence of θ = (65 ± 3)° with respect to the surface normal, but are rotated azimuthally by 120° around the surface normal (PEEM column).](jp-2015-08083y_0003){#fig1}

The PEEM is operated with a high-pressure mercury arc discharge (Hg) lamp which generates photons with energies up to 4.9 eV. This excitation energy is sufficient to emit enough electrons for imaging. The light can be linearly polarized using a rotatable calcite Glan--Thomson prism. For the experiments in this paper, the incident light of the Hg lamp was p-polarized, resulting in a maximum electron yield.^[@ref24]^ The interplay between photoelectron emission and the (linear) polarization state of the exciting photons can be used to distinguish different orientations of organic molecules in nanostructures, as we demonstrated recently in ref ([@ref37]).

The DRS is operated in a "two-beam configuration"^[@ref38]^ in which a fraction of the incident light is detected simultaneously with the reflected beam to correct for intensity fluctuations of the light source. Because of its spectral composition, the Hg arc discharge lamp is not suitable for high-resolution DRS measurements in the visible range. Therefore, an additional white LED was mounted in front of another viewport under an angle of θ ≈ 65° with respect to the surface normal. A beam splitter is used to couple out a part of the incident beam which is then detected by the reference spectrometer. The other part of the beam is reflected from the sample surface and focused by an off-axis parabolic mirror into the signal spectrometer. The signal and reference spectrometers are of the same type (Ocean Optics STS-VIS, equipped with diode arrays spanning a photon energy range from 1.5 to 3.6 eV). The synchronously measured spectra *I*~sig~(*E*,*t*) and *I*~ref~(*E*,*t*) from both detectors are used to obtain a normalized intensity spectrum *I*~n~(*E*,*t*) that is strictly proportional to the reflectance *R*(*E*,*t*) at a given photon energy *E* and time *t*:The DRS spectrum, i.e., the normalized difference in reflectivity,^[@ref3]^ is obtained from the normalized intensities, *I*~n~, in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} viaHere *R*~0~ = *R*(*E*,0) and *I*~n~(*E*,0) denote the reflectance and intensity spectra of the pristine surface, respectively, recorded just before the shutter in front of the evaporator is opened to start the growth experiment (*t* = 0). After the shutter is opened, DRS spectra are recorded in (regular) time steps *t*~*j*~ = *j*Δ*t*. The sampling time, Δ*t*, typically amounts to a few seconds, presenting a trade-off between temporal resolution and signal-to-noise ratio. In the end, a two-dimensional (2D) set of data-points, DRS(*E*~*i*~,*t*~*j*~), is obtained, which describes the evolution of the differential reflectance spectra with deposition time. If the deposition rate is constant, *t* is proportional to the exposure. If, in addition, the sticking coefficient is also constant, *t* is proportional to the total adsorbed amount of the organic molecules, i.e., the coverage, Θ, or the (nominal) film thickness, *d*. The whole data set can be visualized as a 2D image by mapping the DRS signal to a gray scale or false-color scale at pixels (*i*,*j*) representing the discrete values {*E*~*i*~} and {*t*~*j*~}, respectively (see, for instance, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Alternatively, the data can be represented as a series of 1D cuts along the energy or time axes, yielding a time sequence of *spectra* (as in the case of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) or a number of *transients* at a single photon energy or a specified spectral interval (as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

The gradual changes in the spectral line shape are often better discernible if instead of Δ*R*/*R*~0~ the incremental changes of the DRS signal between two subsequent time steps are plotted. To this end we define the "differential DRS" spectra, termed DDRS, as the normalized difference between subsequent reflectance measurements:In contrast to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the reference to the pristine substrate *R*~0~ is replaced by the reflectance of an "effective substrate" which also includes the organic film grown during the previous deposition steps. The DDRS spectrum thus describes the *differential* changes of the reflectance originating from the very thin slice of the film deposited only during the time interval \[*t*~*j*~,*t*~*j*+1~\]. Note that the DDRS spectrum as defined in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} is not just the difference between subsequent DRS spectra, which would be ΔDRS = (*R*(*E*,*t*~*j*+1~) -- *R*(*E*,*t*~*j*+1~))/*R*~0~. In fact, ΔDRS still takes the pristine surface as reference. The difference between DDRS and ΔDRS vanishes if *R̅* ≈ *R*~0~, i.e., if the overall changes in reflectance are small, namely, for ultrathin films consisting of only a couple of molecular layers.

Results and Discussion {#sec3}
======================

Growth Mode and Morphology of α-6T on Ag(111) {#sec3.1}
---------------------------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a PEEM transient of the local electron yield (LEY) for p-polarized light ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) together with the DRS signal Δ*R*/*R*~0~ at a photon energy of 2.3 eV ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) recorded simultaneously during the deposition of α-6T on a clean Ag(111) surface held at 331 K. The PEEM transient shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a was obtained by processing each of more than 1000 PEEM images recorded each 1.2 s during the growth experiment. Selected PEEM images are depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The solid cyan line in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a represents the mean value of the electron yield, averaged over the entire field of view (∼145 μm) of each image. A gray scale representation of the histograms, which were calculated for the intensity distribution of each PEEM image, is found underneath the cyan line. Darker shades of gray indicate a higher probability of finding a particular LEY value at time *t*. Therefore, the blackness and width of the gray band underneath the cyan line is a measure of the spatial variation of the photoemission yield at a given time *t*.

As can be seen from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, there is a clear correlation between the PEEM and the DRS transients. In particular, the characteristic changes in the line shape of the PEEM transient and the concomitant kinks in the slope of the DRS transient at *t*~1~ = (85 ± 3) s and *t*~2~ = (197 ± 5) s, respectively, suggest that the growth can be subdivided into three distinct stages, labeled I, II, and III.

![(a) Transient of the PEEM intensity (LEY) recorded during the deposition of α-6T on a Ag(111) surface held at 331 K. The solid cyan line corresponds to the intensity averaged of the entire field of view. The gray area in the background is a gray scale representation of the intensity distribution of each individual image. (b) Transient of the differential reflectance (DRS, Δ*R*/*R*~0~) at a photon energy *E* = 2.3 eV. The PEEM and DRS transients were acquired simultaneously and synchronously. α-6T was deposited at a constant rate between *t* = 0 (shutter opened) and *t* = 800 s (shutter closed). Vertical dashed lines delimit the three distinct growth stages I, II, and III. Labels 1--4 at the top refer to the PEEM-images depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.](jp-2015-08083y_0004){#fig2}

![Selected PEEM images recorded during the deposition of α-6T on a Ag(111) surface held at 331 K ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The images were taken at times 1--4 marked in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}: (1) maximum intensity of the PEEM transient, corresponding to the completion of the first α-6T monolayer; (2) half way during the formation of the second monolayer; (3) onset of 3D growth after completion of the second monolayer; and (4) thick film (nominal coverage ∼8 ML) showing α-6T crystallites on top of the 2 ML thick wetting layer. The images of the lower row correspond to a field of view of 145 μm. The images in the top row show an enlarged view of the 40 × 40 μm^2^ area indicated in the images in the bottom row. The color coding of the frames matches the one in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The full image sequence is available as [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08083/suppl_file/jp5b08083_si_001.avi).](jp-2015-08083y_0005){#fig3}

\(I\) 0 \<*t* \< *t*~1~: After the shutter is opened at *t* = 0, the average PEEM intensity (LEY) increases monotonously up to *t*~1~ where the PEEM transient reaches its maximum. At any time during this stage of growth the PEEM intensity is rather uniform and homogeneously distributed across the entire field of view of the PEEM, as exemplified by image 1 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. At the same time, the DRS transient for *E* = 2.3 eV decreases in an almost linear fashion.

\(II\) *t*~1~ \< *t* \< *t*~2~: The average PEEM intensity decreases monotonically. However, in stark contrast to stage I, the intensity is distributed inhomogeneously across the field of view of the PEEM images, as can be seen in image 2 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}: bright and dark micrometer-sized patches covering about equal areas can be discerned in this image. With increasing coverage, the relative amount of the dark patches increases continuously at the expense of the brighter ones. At the end of growth stage II, the PEEM intensity is homogeneously distributed again. During growth stage II, the slope of the DRS signal at 2.3 eV (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) is constant and close to zero.

\(III\) *t* \> *t*~2~: Another kink in the PEEM and DRS tansients marks the transition from growth stage II to III. At this point, the PEEM images reveal the onset of nucleation and subsequent growth of 3D islands (see image 3 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). α-6T crystallites identified as dark structures appear across the field of view and grow larger upon further deposition of α-6T (image 4 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). During stage III, the DRS signal decays monotonically at a gradually decreasing rate. For *t* \> *t*~2~, no further abrupt changes are observed in the PEEM transient as well as in the DRS transient until the shutter is closed and both signals do not change any longer.

The PEEM transient in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} closely resembles the one observed during the growth of α-6T on Ag(110).^[@ref24],[@ref36]^ Likewise, the DRS transient shows the same characteristics as the reflectance difference spectroscopy curves recorded during growth of α-6T on Cu(110)(2 × 1)O.^[@ref28]^ As in these previous studies, we associate growth stages I and II with the completion of the first and second monolayer of α-6T, respectively, whereas stage III is related to 3D island nucleation and growth. Consequently, the growth of α-6T on Ag(111) follows the Stranski--Krastanov mode with a two-monolayer thick wetting layer.

The interpretation of the PEEM transient depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} follows the same arguments as for α-6T on Ag(110):^[@ref24],[@ref36],[@ref37]^ The deposition of the first monolayer of α-6T induces a surface dipole. This dipole effectively lowers the work function barrier for the photoemission of electrons excited in the silver substrate^[@ref39]−[@ref41]^ and leads to the increase of the PEEM intensity during stage I in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a.

The reported ionization potential of α-6T (ranging from 5.3 to 5.9 eV^[@ref39],[@ref42],[@ref43]^) is definitely larger than the energy of the photons provided by the Hg lamp. Therefore, no electrons can be emitted from the α-6T layer under illumination with a Hg lamp such that only electrons from the silver substrate will contribute to the detected photoemission intensity. The adsorbed α-6T will actually reduce the photoemission yield from the substrate due to inelastic scattering of the electrons which have to traverse the organic layer before being emitted into the vacuum. The strong reduction of the work function during the deposition of the first monolayer, however, outweighs the attenuation by the ultrathin monolayer film resulting in a net increase of the PEEM intensity during stage I. Because the work function is not significantly altered upon deposition of α-6T molecules on top of the first monolayer, the average PEEM intensity decreases again during deposition of the second monolayer (stage II) and after nucleation and growth of 3D islands (α-6T crystallites) in stage III. The maximum of the electron yield at *t*~1~ ≈ 85 s in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} can thus be assigned to the completion of the first α-6T monolayer (1 ML).

The absence of any spatial inhomogeneity of the PEEM intensity within the field of view during the deposition of the first layer (see image 1 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) suggests that the lateral dimensions of the 2D islands are smaller than the resolution limit of the PEEM, which is of the order of 100 nm. We expect that the 2D islands are in dynamic equilibrium with a mobile 2D molecular gas phase, ensuring that the *average* coverage over a typical length scale of 100 nm is spatially rather uniform and increases monotonically with deposition time.

The situation is quite different for the growth of the second layer during stage II. This can be seen in the histograms shown in the background of the PEEM transient in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, revealing two intensity levels whose relative proportion changes almost linearly with coverage in the second layer. The origin becomes clear from the associated PEEM images, such as image 2 depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The lower intensity level can thus be attributed to large patches where an α-6T bilayer is already established, whereas the brighter regions are still characteristic of the monolayer (which might again be covered by a dilute 2D molecular gas). With increasing coverage the dark patches grow at the expense of the bright areas until a homogeneous α-6T bilayer is formed. In contrast to the monolayer, the condensation and growth of the 2D α-6T islands in the second layer occurs over a length scale ≳10 μm which is readily resolved in the PEEM images. The strong increase of the characteristic length scale could be explained by the increased mobility of the molecules on top of the α-6T monolayer as compared to the pristine Ag(111) surface. Moreover, the formation of the bilayer most likely involves a restructuring of the first layer which might require a larger critical coverage (or critical nucleus size) to locally initiate this transformation of the underlying monolayer. As a result, the bilayer island density will be smaller and the average domain size accordingly larger. Strong evidence for the restructuring of the monolayer upon bilayer formation comes from the fact that the total deposited amount required for completion of the bilayer (*t*~2~ = 197 s) is considerably larger than twice the amount needed for completion of the first monolayer (*t*~1~ = 85 s). In fact, according to Yoshikawa et al.,^[@ref8]^ the packing density in the monolayer phase of α-6T on Ag(111) is rather small because of the flat-lying geometry of the molecules and the large (commensurate) intermolecular spacing of 6.43 Å along the ⟨112̅⟩ direction. The ratio *t*~2~/(2*t*~1~) ≈ 1.16 would imply a significant compression of the first monolayer by ≳10%. However, a non-negligible fraction of the deposited molecules during stage II could already reside in the third layer, forming a 2D gas phase in equilibrium with the molecules in the second layer such that the actual compression of the first monolayer may be somewhat smaller. Similar processes are also discussed in refs ([@ref22] and [@ref23]) for the case of *p*-6P on Cu(110)(2 × 1)O.

At *t*~2~ = 197 s, a sharp kink in the PEEM and DRS transients in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} marks the transition from stage II to III, i.e., the onset of 3D island nucleation. The PEEM image 3 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} recorded at this point reveals dark spots indicating the nucleation of α-6T crystallites of significant height. The pronounced drop of the PEEM intensity in these spots is also reflected in the sudden change of the histograms shown in the background of the PEEM transient in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a which exhibits a tail toward very low intensities. Consequently, the crystallites must have appreciable heights in order to cause this almost complete attenuation of the photoelectron yield from the underlying Ag(111) substrate. On the other hand, the emission from the surrounding wetting layer (consisting of two molecular layers) stays almost constant at the value reached after completion of the bilayer. Upon further deposition of α-6T, the crystallites grow both in size and height (see image 4 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). At the end of the growth experiment (*t*~e~ = 800 s), the amount of the material accumulated in the 3D crystallites is about three times that contained in the wetting layer, whereas only a small fraction of the surface area (≲10%) is actually covered by these crystallites. Consequently, the average height of the crystallites amounts to ≳20 molecular layers.

As described in the previous paragraphs, the transient of the DRS signal at a photon energy of 2.3 eV is strongly correlated with the morphology observed by PEEM. The photon energy of 2.3 eV was selected in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b because it shows a strong layer-dependent variation. As evidenced by [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the slope of the transient of the DRS signal changes abruptly as a function of the α-6T coverage, revealing the same three growth stages as the PEEM transient. The sudden change of the slope of the DRS transient between the first and second growth stage indicates a strict layer-by-layer growth^[@ref28]^ of the first two monolayers: only after the first layer is (almost) completed, the bilayer starts to nucleate on top of it. The onset of the 3D growth is indicated by another change in the slope of the DRS transient (stage III).

Layerwise Evolution of the Optical Properties {#sec3.2}
---------------------------------------------

More information about the optical properties in correlation with the film morphology ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) can be obtained by analyzing the spectroscopic evolution of the optical reflectance as a function of the deposition time (α-6T coverage). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the full spectral range of the DRS signal Δ*R*(*E*,*t*)/*R*~0~ recorded during the same experiment as discussed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The spectra reveal the stepwise evolution of the optical properties with increasing layer thickness. In addition, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the *incremental* changes between subsequent deposition steps represented by the *differential* DDRS spectra (Δ*R*/*R̅* as defined in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}). In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} the data are presented as a 2D image in false color representation ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and selected DDRS spectra are shown in ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).

![Thickness-dependence of the DRS spectra (Δ*R*/*R*~0~) recorded during deposition of α-6T on the Ag(111) single crystal. Different colors (red, blue, and green) correspond to the three growth stages (I, II, and III, respectively) as defined in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The solid lines mark fundamental electronic transitions and/or their vibronic replica.](jp-2015-08083y_0006){#fig4}

![DDRS spectra (Δ*R*/*R̅*) based on the same data as [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} but revealing the *incremental* changes of the optical reflectance for α-6T grown on the Ag(111) substrate: (a) false color image and (b) selected individual spectra, characterizing the three stages of growth, namely, the formation of the monolayer, bilayer and 3D crystallites. The red and blue lines represent the average of the spectra characteristic for stages I and II, respectively, whereas the green lines highlight DDRS spectra for equally spaced nominal coverages in the range between 2 and 8 ML. The monolayer and bilayer spectra in panel b were offset by 2 × 10^--3^ and 1 × 10^--3^ for clarity.](jp-2015-08083y_0007){#fig5}

During deposition of the first monolayer (stage I), the DRS and DDRS spectra in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, respectively, show a weak, broad feature in the spectral range between 2.3 and 2.9 eV. During the formation of the α-6T bilayer (stage II), the DRS and DDRS spectra look completely different compared to those obtained during growth stage I. The spectral weight is shifted to higher energies and the spectra are composed of three overlapping peaks located at about 2.5, 2.7, and 2.9 eV, respectively. Finally, the transition from stage II to stage III is again marked by a sudden change in the spectral line shape. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} reveals a clear red-shift of the overall spectral weight with prominent peaks at 2.32 and 2.50 eV. Upon further deposition of α-6T, the position of these two peaks shifts continuously to 2.23 and 2.47 eV, respectively. At the same time, their amplitude decreases with increasing film thickness. It should be emphasized that the DRS spectra in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} recorded at time *t* display the *total* change of the reflectance after deposition of the entire film grown up to time *t*, whereas the DDRS spectra in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} show only the *incremental* change of the reflectivity produced by the molecules deposited within the very last deposition step on the previously grown film. As a result, the DRS spectra recorded during growth stage III still exhibit the features accumulated during the previous growth of the wetting layer, whereas the DDRS spectra in the same growth stage can be assigned, exclusively, to the very last molecules incorporated into the α-6T crystallites. As a consequence, the two satellite peaks at 2.68 and 2.87 eV appear much more prominent in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} than in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

The spectral line shape observed upon deposition of the first monolayer of α-6T on Ag(111) (stage I) is very broad. A similar broadening or quenching of the molecular optical response has been observed for many other molecules in direct contact with a metal substrate^[@ref44]−[@ref46]^ and has been attributed to the strong interaction and hybridization of the molecular and substrate electronic states. These states are localized at the interface and thus affect only the first organic monolayer. Indeed, upon deposition of the second layer, the DRS and DDRS spectra change significantly and distinct spectral features at about 2.5, 2.7, and 2.9 eV can be discerned. These can be attributed to excitonic states derived from the molecular highest occupied molecular orbital--lowest unoccupied molecular orbital transition.^[@ref47]^ It is not clear whether one of the higher-energy peaks at 2.7 and 2.9 eV, respectively, belongs to an independent excitonic transition, such as the upper Davydov component^[@ref31],[@ref48]^ of a split-up fundamental excitation or to the vibronic progression of a single electronic transition at 2.5 eV. In fact, the offset of the high-energy peaks is consistent with the findings of Garnier, who reported an energy quantum of 0.18 eV for the C=C stretch vibration in bulk α-6T.^[@ref49]^

The situation is clearer for the spectra observed during growth stage III. Here the peaks are sharper such that the positions can be determined with better precision. From the green curves in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b we obtain initial peak positions at 2.32, 2.50, 2.68, and ∼2.87 eV, which are thus characteristic of the initial 3D nuclei of α-6T that form on top of the wetting layer. Upon subsequent growth into larger crystallites, the first two peaks shift toward 2.23 and 2.47 eV, respectively. Therefore, the spacing between the first two peaks is not constant but increases from 0.18 to 0.24 eV with increasing size of the α-6T crystallites. Consequently, these two peaks can only be associated with two individual electronic states, such as two components of a Davydov split excitonic transition. On the other hand, the third peak (initially at 2.68 eV) appears to shift at the same rate as the second one. Besides the fact that the splitting of 0.18 eV coincides with the expected C=C vibration quantum, the constant offset of the third peak to the upper Davydov component (initially at 2.50 eV) suggests that it is a vibronic replica of the latter.

The absorption of single α-6T molecules in solution is peaked at 2.85 eV.^[@ref49]^ Instead, the fundamental transition found in the DRS and DDRS spectra for bilayer α-6T on Ag(111) at ∼2.5 eV is considerably red-shifted because of the interaction with the surrounding molecules and with the substrate. In the first layer, the α-6T molecules grow with their molecular planes parallel to the substrate.^[@ref8],[@ref50]^ This configuration increases the interaction between the adsorbed molecules and the substrate, leading to the aforementioned hybridization and a concomitant broadening of the optical signatures. The orientation of the molecules in the second layer is essentially the same as in the monolayer, but the spectral line shape is quite different because of the strongly reduced interaction with the substrate. As discussed in the previous section, the PEEM and DRS transients in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} suggest a restructuring of the first layer upon formation of the bilayer, involving a compression of the monolayer of up to ∼10%, consistent with ref ([@ref8]). Such a compression could be achieved by slightly tilting the molecules around the long molecular axis.^[@ref51]^ In this case, the molecular axes would still be parallel to the surface, although the interaction of the substrate might be reduced. Nevertheless, the proximity to the surface will still lead to a strong coupling to the metal substrate such that the second layer can be considered the first "free" layer that can develop independent electronic states characteristic of a single sheet of molecules. In fact, the optical signature of the bilayer in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} resembles the line shape of the RDS spectra recorded for a single monolayer of α-6T on Cu(110)-(2 × 1)O.^[@ref28]^ In the latter case, the presence of the oxygen reduces the strong interaction of the α-6T layer with the copper substrate, whereas for α-6T on Ag(111) the first monolayer of α-6T could, indeed, play the role of an (optically inactive) buffer layer. Following the arguments in ref ([@ref28]), it is then also conceivable that the absence of a sizable Davydov splitting at this growth stage is due to the fact that the molecules in the second layer in each crystalline domain form stacks with the same orientation and tilting direction. On the other hand, during growth stage III, the molecules will adopt a more bulk-like multilayer structure in which the molecules in subsequent layers are tilted in opposite directions, giving rise to the well-known herringbone stacking. As a result, the unit cell now contains at least two inequivalent molecules giving rise to a Davydov splitting, of the two peaks initially positioned at 2.50 and 2.68 eV. Again the DDRS spectra of the 3D crystallites in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} are quite similar to the RDS spectra obtained from the 3D islands grown on an α-6T wetting layer on Cu(110)-(2 × 1)O.^[@ref28]^ In either case the molecules will eventually adopt a structure that is close to that of bulk α-6T. It is therefore not surprising that the optical characteristics resemble those of the bulk, independent of the substrate or the intermediate structure of the wetting layer, as long as the latter is composed of flat-lying α-6T molecules. However, one should also keep in mind that the scattering geometry under which the optical response was measured are different in the two cases. Whereas in the RDS study of α-6T on Cu(110)-(2 × 1)O^[@ref28]^ the molecules were all uniaxially aligned along a single crystallographic direction and the angle of incidence was close to normal, in the present case, the molecules are aligned in three (rotationally equivalent) domains rotated by 120° with respect to each other and the angle of incidence in the DRS setup is about 65° off normal (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In fact, it can be shown for optically anisotropic media and for α-6T in particular^[@ref34]^ that the position and line shape of the spectral features may strongly depend on the relative orientation of the wavevector of the incident light and the transition dipole moment. This should be taken into account in a quantitative comparison of the data.

The size of the Davydov splitting is expected to be inversely proportional to the cube of the intermolecular distance.^[@ref48]^ Therefore, a shorter distance implies a stronger intermolecular interaction, such that the splitting between the Davydov components should increase. On the basis of their diffraction experiments, Yoshikawa and co-workers^[@ref8]^ suggested that the α-6T molecules would gradually approach each other with increasing film thickness. In fact, we observe a red shift of the two fundamental Davydov components initially at 2.32 and 2.50 eV. In agreement with Yoshikawa et al. there is also a slight increase of the spacing between the two Davydov components, consistent with a compression upon growth of the α-6T crystallites.

Finally, we observe a monotonous decrease of the DDRS signal during the final growth stage III. This is most likely due to the rapid increase of the height of the 3D crystallites, once the nucleation on the wetting layer has taken place. As already mentioned, only a small fraction (∼10%) of the surface area is actually covered by α-6T crystallites such that their average height reaches about 20 molecular layers (∼10 nm) toward the end of the growth experiment. Because α-6T is a strong absorber of light in the considered spectral range, the optical penetration depth is expected to be in the nanometer range only. As a consequence, the incremental changes of the reflectance should decay exponentially until, for thicknesses much larger than the penetration depth, the reflectance reaches a constant value and hence no incremental changes should be observed at all.

Summary and Conclusions {#sec4}
=======================

The combination of photoelectron emission microscopy (PEEM) and optical differential reflectance spectroscopy (DRS) is a versatile tool to study metal--organic interfaces. The ability for synchronous and real-time observation during growth was used to study the morphological and optical properties of organic thin films on a metal substrate, namely α-6T on Ag(111). On the basis of the correlation between the PEEM signal and the optical reflectance, we identify the stepwise evolution of the optical properties of the α-6T and its dependence on the thin film structure and morphology. We can divide the growth and the ensuing optical characteristics into three distinct stages.

\(I\) During the formation of the first monolayer, the electron yield monitored by PEEM increases homogeneously over the entire field of view, indicating that the molecules from small, homogeneously distributed 2D islands in equilibrium with a dilute 2D gas phase. The overall increase of the electron yield can be attributed to the formation of an interface dipole and the concomitant reduction of the work function. During this growth stage the differential reflectance spectra show only a weak and broad optical signature, due to the hybridization of the molecular and substrate electronic states as a consequence of the strong interaction of the molecules with the metal substrate.

\(II\) During the growth of the second α-6T layer, a rearrangement of the molecules in the first monolayer (including a compression of up to 10%) takes place. The optical response of the α-6T bilayer differs markedly from that of the monolayer. The optical spectra reveal several peaks which are attributed to an excitonic state and its vibronic progression. The likely absence of a significant Davydov splitting suggests that the optical properties are dominated by the topmost molecular layer composed of translationally equivalent molecules, whereas the bottom layer can be considered as an optically inactive "buffer layer" to the metal substrate.

\(III\) The onset of 3D growth can be consistently determined from both the PEEM and the DRS data. While in PEEM the transition is marked by a sudden drop of the local electron yield and the concomitant appearance of dark spots in the images, the reflectance spectra exhibit a clear Davydov splitting characteristic of 3D crystallite growth. With increasing coverage, the optical signatures show a systematic shift as well as a continuous reduction of the incremental changes of the reflectance. The former is consistent with structural relaxations in the thicker films, whereas the latter is simply related to the increasing height of the 3D crystallites.

The analysis performed in this work can be extended to other metal--organic systems or heterostructures in order to obtain a comprehensive understanding of the electronic and optical properties of technologically relevant organic thin films.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.5b08083](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.5b08083).Full image sequence of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08083/suppl_file/jp5b08083_si_001.avi))
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